Rotons in a hybrid Bose-Fermi system 
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We calculate the spectrum of elementary excitations in a two dimensional exciton condensate in 
the vicinity of a two-dimensional electron gas. We show that attraction of excitons due to their 
scattering with free electrons may lead to formation of a roton minimum. The energy of this 
mimimum may go below the ground state energy which manifests breaking of the superfluidity. The 
Berezinsky-Kosterlitz-Thouless phase transition temperature decreases due to the exciton-exciton 
attraction mediated by electrons. 
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In this Letter we consider a hybrid Bose-Fermi system 
consisting of a spatially separated but interacting Bose- 
Einstein condensate (BEC) and Fermi sea. Such sys- 
tems have been discussed in relation to cold atom gases 
and shown to be extremely rich in fundamental effects 
including the BCS-BEC crossover [jj , Tonks- Girardeau 
gases 0, Cooper pairing and superconductivity 3] . Hy- 
brid systems remain poorely studied experimentally as 
realisation of spatially separated but interacting Fermi 
sea and Bose-Einstein condensate of cold atoms is a non- 
trivial task. Recently, the potential of semiconductor 
coupled quantum wells for realization of BEC of cold ex- 
citons has been revealed (4(. Spatially indirect excitons 
were widely studied both experimentally and theoreti- 
cally in recent years (see Ref |fj for a review) . They may 
strongly interact with remote free electrons due to their 
dipole moments. This is why realization of a hybrid Bose- 
Fermi system in a semiconductor structure containing n- 
doped quantum wells (QWs), where the two-dimensional 
electron gas (2DEG) is created, and undoped coupled 
QWs, where the exciton BEC is induced, seems realis- 
tic. Recently, a proposal has been made for realization of 
exciton-mediated superconductivity in microcavity struc- 
tures p. 

Here we study the effect of interaction of a BEC of 
spatially indirect excitons with a 2DEG on the energy 
spectrum of excitations of the exciton BEC. It is well 
established that in the absence of free electrons, the 
Bogoliubov-like spectrum showing linear dispersion near 
the ground state and parabolic dispersion at larger wave- 
vectors is formed due to exciton-exciton repulsion. We 
show that due to their scattering with free electrons, ex- 
citons with non-zero momenta attract each other, which 
leads to formation of a roton-like minimum 7] in the ex- 
citon dispersion. The depth of the minimum increases 
with increase of the exciton concentration, and conse- 
quently the roton gap decreases. In this regime, the crit- 
ical temperature of the Berezinsky-Kosterlitz-Thouless 
(BKT) transition for excitonsQ decreases. Eventually, 
the roton energy goes below the ground state energy, 



and the roton gap collapses, leading to the collapse of 
the exciton BEC. 

Consider a system of three parallel semiconductor 
quantum wells (QWs), one of which contains a free elec- 
tron (or hole) gas, and two others containing a BEC of 
spatially indirect excitons. The effective interaction be- 
tween electrons and excitons can be represented in dia- 
grammatic form as is shown in FigfT] This figure shows 
the random phase approximation (RPA) diagrams for the 
electronic system and for the virtual excitations of the ex- 
citon BEC. The first diagram represents the direct inter- 
action of two excitons and all subsequent ones correspond 
to the processes involving the virtual excitation of the 
Fermi sea or/and excitonic BEC at intermediate stages. 
For example, the second diagram corresponds to the pro- 
cess of exciton interaction with the electron Fermi-sea 
creating a virtual electron- hole pair in it, which after- 
wards disappears due to its interaction with another ex- 
citon. Diagram 3 corresponds to the proccess of exciton 
interaction with the condensate creating its virtual exci- 
tation, which then disappears due to the interaction with 
another exciton. Other diagrams correspond to higher- 
order processes where several virtual excitations are cre- 
ated at intermediate stages. 

Using the standard rules for the evaluation of Feynman 
diagrams [lOj , one can obtain the matrix elements of the 
effective screened interaction: 
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where Vn(q) is the matrix element of the unscreened in- 
teraction between electrons, V 22 (q) is the matrix element 
of the unscreened interaction between excitons, Vi 2 (q) is 
the matrix element of the unscreened interaction between 
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with Eb and as being the exciton binding energy and 
Bohr radius, respectively. We neglect the g-dependent 
contribution due to dipole-dipole interaction of excitons, 
which is essential for the problem of quantum diffusion of 
indirect excitons [16j but is exactly for q — and small 
compared to exciton-electron interaction for small q in 
the case of a uniform exciton BEC, which we consider 
here. The expression for the matrix element of electron- 
exciton interaction reads (the details of calculation can 
be found in e.g. RefQj 
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FIG. 1: RPA diagrammatic representation of the screened in- 
teraction between excitons and electrons. Index 1 corresponds 
to electrons, index 2 to excitons. Black dots correspond to the 
exciton BEC 



electrons and excitons. IF, — IF,(q, w) are polarization 
operators. For the electron system one can obtain Q 
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and for the condensate [l(| 
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where No is the occupation number of the conden- 
sate, E^ and E^ are dispersions of the bare excitons 
and electrons, respectively (parabolic, in the effective 
mass approximation), / q is the Fermi distribution. The 
electron-electron interaction is described by a standard 
2D Coulomb potential, 
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with e being a dielectric constant of the media and A 
being the sample area. The matrix element of exciton- 
exciton interaction V22 can be and estimated as [lj, LL5| 
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where /3 e ,h = Tn e ,h/(Tn e +rrih), with m e ,h being the effec- 
tive masses of electron and hole, d being the dipole mo- 
ment of the exciton in normal to the QW plane direction. 
In order to interact efficiently with electrons, the excitons 
must have a significant dipole moment (d ~ as) which is 
readily achieved in biased coupled QW structures where 
one of the wells confines electrons and another one con- 
fines holes |j|. 

The formula for the effective interaction can be rewrit- 
ten in a compact matrix form 



v e// =v-(i-nv)~ 
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where V e -^,V and II are 2x2 matrices given above. 
The polarization matrix II is diagonal, with the diagonal 
elements given by expressions 14151 

Expressions [9] fully determine all renormalized interac- 
tions in the electron-exciton system and describe simul- 
taneously the screening effects, the Bogoliubov renormal- 
ization of the dispersion of the excitations of the conden- 
sate, the bogolon-mediated pairing of electrons responsi- 
ble for exciton mediated superconductivity [6[ , and effec- 
tive attraction between excitons due to their scattering 
with electrons. The matrix element of effective exciton- 
exciton interaction taking into account all these effects 
reads 
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The first term in the numerator corresponds to the di- 
rect repulsive exciton-exciton interaction, while the sec- 
ond term describes the effective interaction between ex- 
citons due to the virtual excitations in the electronic 
system. If one neglects electron-electron interactions 
and polarizability assuming Vu(q) — 0,H(q,ui) = 0, 



for the effective interactions one recovers the result of 
Refs-HEi. 

The poles of the effective potential determine the dis- 
persions of the collective modes of the system, given by 
the equation: 



(M 2 = (E ex (q)) 2 + 2N V 22 (q)E ex (q), (If) 



where 



V 22 (q) = V 22 +V 1 2 2 (q)U 1 (q,0j)/[l-V 11 (q)U 1 (q,0j)}. (12) 

If the excitonic and electronic systems are uncou- 
pled, Vi 2 = 0, two independent collective modes co- 
exist: the Bogoliubov excitations of the condensate 
(bogolons) whose dispersion is given by hojsiq) = 
y / E ex {q)[E ex {q) + 2V 22 N ], and the plasmon mode 
whose dispersion can be obtained from the transcenden- 
tal equation 1 — Vu(q)ILi(q,oj) = 0. On the other hand, 
if Vi 2 ^ and Hi ^ dispersions of bogolons and plas- 
monic excitations are coupled. 

In this regime, the roton minimum may appear in 
the energy spectrum of the exciton condensate. One 
can see that V 22 (0) = V 22 as Vn(0) = oo. Assum- 
ing oj ~ and using for III the static approximation, 

III ~ A2$ ( e -xffn el /k B T me i _ A < q whcre mel and 

n e i are the effective masses and 2D concentration of the 
electrons, respectively [9j, one can easily see that the sec- 
ond term in the right part of Eq. (fT2"|) is negative, and 
V22 is a decreasing function of q, which is responsible for 
the appearance of the roton minimum. 

The position and depth of this minimum are depen- 
dent on the strength of the exciton-electron interaction 
as Figure [5] shows. 

The mimimum becomes deeper if the distance between 
the QW containing the electron gas and the exciton BEC 
decreases. It also deepens with increase of the exciton 
concentration in the condensate. At some critical con- 
centration the energy of the roton mimimum equals the 
energy of the condensate at q — 0, so that the roton 
gap collapses. This manifests itself as a phase transi- 
tion in the system: beyond this point the exciton BEC 
becomes unstable and eventually collapses due to uncon- 
trollable escape of excitons towards the roton minimum. 
The physical reason for suppression of the exciton BEC is 
attraction between excitons induced by their interaction 
with free electrons. 

Figure [3] shows the phase diagram of the transition be- 
tween the exciton BEC and classical condensation. One 
can see that the collapse of the BEC may be achieved 
at excitons concentrations much below the Mott density 
provided that the distance between excitons and elec- 
trons is small enough. 

The calculations above have been done assuming zero 
temperature T. If the superfluid phase exists at T = 
0, it may be also found at higher temperatures up to 
the critical temperature which can be found following 
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FIG. 2: Dispersion of the elementary excitations of the con- 
densate showing roton minimum. Plotted for parameters of a 
coupled QW structure studied in Ref. (|f|) assuming that 
a third ra-doped QW is grown at a distance, L from the 
coupled QW structure, the dipole separation is I = 12nm 
and n e i = 4xl0 12 cm -2 . In the main plot L = 12nm and 
n s varies as 1, 0.5, 0.01xl0 11 cm _2 (solid blue, dashed red and 
dot-dashed green respectively). In the inset n s = lxlO n cm -2 
and L varies as 12, 25, 55nm (solid blue, dashed red and dot- 
dashed green respectively). 




FIG. 3: Phase diagram of the system - the exciton BEC is 
unstable above the phase boundary surface, and stable below. 
Plotted for the same structure as in the previous figure. 



Kosterlitz and Nelson 11911: 



Tbkt 
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where M is the exciton mass, n s is a superfluid density. 
As n s is a function of temperature, the above expression 
represents a transcedental equation for Tbkt- 
n s can be found as 

n s = n- n n (T B KT) (14) 
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exciton-electron interaction as it depends on the modi- 
fied dispersion of the collective modes [TT] Figure 4 shows 
Tbkt for our system as a function of L and n. One can 
see that at the large L corresponding to a weak exciton- 
electron coupling, Tbkt is a linear function of the ex- 
citon concentration as should be expected for a conven- 
tional gas of interacting bosons. On the other hand, for 
small L where the exciton-electron interaction is impor- 
tant, the critical temperature behaves non-monotonously 
as a function of n: it initially increases, then decreases 
at larger n. This manifests the gradual changes in the 
strength and sign of exciton-exciton interactions: while 
at low concentrations the excitons repel each other, at 
higher concentrations they start attracting each other at 
large q. 



FIG. 4: Dependence of the Berezinsky-Kosterlitz-Thouless 
critical temperature on concentration and QW separation. 
Plotted for parameters as in previous figures. 



where n = No /A is a total 2D concentration of excitons 
(it equals n s at zero temperature), n n is a normal fraction 
concentration which can be estimated as in N, [2(J, [21( , 
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The critical temperature Tbkt is influenced by the 



In conclusion, we have analysed the spectrum of su- 
pcrfluid excitations in a hybrid exciton-electron system 
and found the roton minimum whose shape and depth 
depend on the exciton concentration and the spatial sep- 
aration between excitons and electrons. The electron in- 
duced exciton-exciton attraction leads to a decrease of 
the BKT tranistion temperature and can eventually de- 
stroy the exciton BEC. 
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